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Spatially resolved tunneling spectroscopic studies of colossal magnetoresistive (CMR) manganite
La0.7Ca0.3MnO3 (LCMO) epitaxial films on (LaAlO3)0.3(Sr2AlTaO6)0.7 substrate are investigated
as functions of temperature, magnetic field and spin polarization by means of scanning tunneling
spectroscopy. Systematic surveys of the tunneling spectra taken with Pt/Ir tips reveal spatial
variations on the length scale of a few hundred nanometers in the ferromagnetic state, which may
be attributed to the intrinsic heterogeneity of the manganites due to their tendency towards phase
separation. The electronic heterogeneity is found to decrease either with increasing field at low
temperatures or at temperatures above all magnetic ordering temperatures. On the other hand,
spectra taken with Cr-coated tips are consistent with convoluted electronic properties of both LCMO
and Cr. In particular, for temperatures below the magnetic ordering temperatures of both Cr and
LCMO, the magnetic-field dependent tunneling spectra may be quantitatively explained by the
scenario of spin-polarized tunneling in a spin-valve configuration. Moreover, a low-energy insulating
energy gap ∼ 0.6 eV commonly found in the tunneling conductance spectra of bulk metallic LCMO
at T → 0 may be attributed to a surface ferromagnetic insulating (FI) phase, as evidenced by
its spin filtering effect at low temperatures and vanishing gap value above the Curie temperature.
Additionally, temperature independent pseudogap (PG) phenomena existing primarily along the
boundaries of magnetic domains are observed in the zero-field tunneling spectra. The PG becomes
strongly suppressed by applied magnetic fields at low temperatures when the tunneling spectra of
LCMO become highly homogeneous. These findings suggest that the occurrence PG is associated
with the electronic heterogeneity of the manganites. The observation of lateral and vertical electronic
heterogeneity in the CMR manganites places important size constraints on the development of high-
density nano-scale spintronic devices based on these materials.
PACS numbers: 75.47.Lx, 73.40.Gk, 72.25.-b, 71.27.+a
I. INTRODUCTION
“Spintronics” is a new paradigm of electronics based
on the spin-dependent charge transport in magnetic het-
erostructures.1,2 It has emerged as one of the most ac-
tive research fields in recent years because of the poten-
tial advantages of non-volatility, faster processing speed,
small power dissipation for high-density device integra-
tion as opposed to conventional semiconducting sys-
tems,1 and better coherence promising for quantum in-
formation technology.2
Among the physics issues associated with spintron-
ics, knowledge of spin-polarized quantum tunneling and
transport across interfaces is particularly important for
developing high quality and reproducible spintronic de-
vices. From the perspective of materials, ferromagnets
with higher degrees of spin polarization and higher Curie
temperatures are desirable candidates for use in spin-
tronic devices. In this context, the manganese oxides
Ln1−xAxMnO3 (Ln: trivalent rare earth ions, A: di-
valent alkaline earth ions), also widely known as man-
ganites that exhibit colossal magnetoresistance (CMR)
effects,3–8 appear to be promising spintronic materials
because of their half-metallicity in the ferromagnetic
state9–11 so that the degree of spin polarization is nearly
100%. Nonetheless, experimental data and theoretical
calculations have suggested that the ground states of the
manganites tend to be intrinsically inhomogeneous as the
result of their strong tendencies toward phase separation,
and the phase separation may involve domains of ferro-
magnetic metals, ferromagnetic insulators, and antiferro-
magnetic charge and orbital ordered insulators.9,12–16 In
fact, it has been demonstrated numerically that the dou-
ble exchange interaction and half-metallicity alone can-
not account for the large magnitude of negative magne-
toresistance in ferromagnetic manganites,9 and that the
tendencies toward phase separation in the ground state
even for the nominally metalltic ferromagnetic phases
play an essential role in the occurrence of the CMR ef-
fects.9 From the viewpoint of technological applications,
the intrinsic electronic heterogeneity of the manganites
becomes a relevant concern for consistently fabricating
miniaturized spintronic devices with high areal densi-
ties. In this context, understanding of the spatial varying
physical characteristics of the manganites at the micro-
scopic scale will be important for spintronic applications
based on these materials.
In addition to the tendency toward phase separation
in bulk manganites, various experimental findings have
suggested that the surfaces of manganites appear to dif-
fer from the bulk characteristics.16 For instance, scan-
2ning tunneling spectroscopic (STS) studies of nominally
metallic manganite epitaxial thin films17–20 and single
crystals13 have always revealed either a small energy
gap or a pseudogap near the Fermi surface. Although
the occurrence of an energy gap in a nominally metallic
manganite could not be explained by either bandstruc-
ture calculations10,11 or bulk electrical transport mea-
surements,21,22 the tunneling spectra of the metallic man-
ganite over a wide energy range except near the Fermi
level were actually consistent with theoretical calcula-
tions of the bulk electronic density of states.17,18 Hence,
it is reasonable to conjecture that the surface of man-
ganites may be a thin layer with chemical compositions
differing from those of the bulk. Thus, lower-bias bal-
listic electrons injected from the scanning tunneling mi-
croscopy (STM) tip could be more sensitive to the surface
state, whereas ballistic electrons injected with higher-bias
could penetrate deeper into the bulk. In other words,
the spectroscopic characteristics at higher bias voltages
may be more representative of the bulk density of states,
whereas those at lower bias voltages may be better re-
lated to the surface state. This conjecture is consistent
with the x-ray photoemission spectroscopic (XPS) stud-
ies of La0.67Ca0.33MnO3 that inferred a surface predom-
inantly terminated by an insulating layer of MnO2.
23
Another interesting feature associated with the man-
ganites is the occurrence of pseudogap (PG) phenom-
ena.9 Theoretical studies using Monte Carlo simula-
tions24,25 suggest that the density of states (DOS) in the
manganites should exhibit PG characteristics, with sig-
nificant spectral depletion at the chemical potential and
broad DOS peaks both above and below the chemical
potential. These theoretical findings have been corrobo-
rated by photoemission experiments on bilayer mangan-
ites above their magnetic ordering temperatures.26 The-
oretically, the occurrence of PG may be regarded as a
precursor of phase separations in forms of magnetic clus-
ters,24,25 which is analogous to the widely studied PG
phenomena in cuprate superconductors where the ap-
pearance of PG is attributed to the onset of preformed
pairs and competing orders.27,28 However, whether the
PG phenomena are common among different types of
manganites and whether the physical origin of PG in the
manganites is indeed associated with the onset of mixed
phases have not been extensively verified by experiments.
To address the aforementioned issues of phase sep-
arations, insulating surface layers and the PG phe-
nomena in the manganites, we report in this work
spatially resolved tunneling spectroscopic studies of
La0.7Ca0.3MnO3 (LCMO) epitaxial films by means of
both regular and spin-polarized scanning tunneling mi-
croscopy29–33 (STM and SP-STM). The specific calcium
doping level of x = 0.3 was chosen because it corre-
sponded to a nominal metallic phase with nearly the
highest Curie temperature (TC ∼ 270 K) and the most
spatial homogeneity among the Ca-doped manganites.
The evolution of the spatially resolved tunneling spec-
tra was studied systematically with temperature, mag-
netic field and the degree of spin polarization, which pro-
vided information about the spatial scales of stoichiomet-
ric inhomogeneity and the average size of ferromagnetic
domains. Additionally, comparison with bandstructure
calculations suggested that the spectral characteristics
taken with regular STM were consistent with those of
the DOS of the manganite, whereas data taken with SP-
STM may be understood in terms of the product of a
spin-dependent tunneling matrix and the joint density of
states between the SP-STM tip material and the man-
ganite. on the other hand, the evolution of the surface
energy gap with temperature, magnetic field and the de-
gree of spin-polarization was found to be consistent with
the spin filtering effect of a surface ferromagnetic insulat-
ing (FI) phase.15 Finally, PG phenomena were found to
persist at temperatures well above all magnetic ordering
temperatures in the absence of external magnetic fields.
The PG features were suppressed by moderate magnetic
fields at low temperatures when the tunneling conduc-
tance of LCMO became spatially homogeneous.
The findings presented in this work provide quanti-
tative experimental accounts for the presence of phase
separations, surface states and PG phenomena in the
manganites. In comparison with other STM studies of
the manganites, while previous investigations have re-
vealed spatially inhomogeneous spectra in manganites
with different doping levels,12–14 this work provides the
first high-field SP-STM studies on the manganites and
demonstrates the general application of high-field SP-
STM techniques to the investigation of spatially inho-
mogeneous magnetic materials.
II. EXPERIMENTAL
The La0.7Ca0.3MnO3 (LCMO) films used in this study
were epitaxially grown on (LaAlO3)0.3(Sr2AlTaO6)0.7
substrates by means of pulsed laser deposition (PLD)
techniques. The substrates were chosen because of
their small lattice mismatch (about 0.3%) with the bulk
LCMO, which ensures minimized strain in the result-
ing films to prevent excess strain-induced effects on the
electronic properties.21,22,34 The films were deposited in
a 100 mTorr oxygen background pressure to a thick-
ness of (110 ± 10) nm with the substrate tempera-
ture kept at 650◦C, and were subsequently annealed
at the same temperature for 2 hours in 100 Torr O2
and then cooled slowly to room temperature. The
epitaxy of these films was confirmed by x-ray diffrac-
tion, and the film quality was further verified by atomic
force microscopy and STM measurements, showing ter-
raced growth with step heights corresponding to one
c-axis lattice constant of the bulk LCMO, as exempli-
fied in Fig. 1(a). Further characterizations were con-
ducted using a Superconducting-Quantum-Interference-
Device (SQUID) magnetometer by Quantum Design for
magnetization measurments, showing a Curie tempera-
ture of 270 ± 10 K as exemplified in Fig. 1(b) for one
3FIG. 1. (Color online) (a) Typical STM topography of a
La0.7Ca0.3MnO3 epitaxial film on (LaAlO3)0.3(Sr2AlTaO6)0.7
substrate over a (500× 500)nm2 sample area, showing atom-
ically flat surfaces and steps of one lattice constant height.
(b) Magnetization (M) vs. temperature (T ) data of the same
LCMO epitaxial film taken under an applied magnetic field
H = 0.01 T, showing TLCMOC = 270 ± 10 K with detailed
temperature dependence near TLCMOC given in the inset. (c)
Main panel: M -vs.-H hysterisis curve of the same LCMO film
taken at a constant temperature T = 7 K and for H from −0.2
T to 0.2 T. Inset: The sameM(H) curve as in the main panel
and for −0.05T ≤ H ≤ 0.05T, showing a LCMO coercive field
HLCMOC ∼ 0.02 T. (d) Normalized tunneling conductance vs.
H spectra obtained from tunneling electrical currents from
a Cr-coated tip to a permanent magnet, a NiNd single crys-
tal, at constant bias voltages V = ±15, ±35 and ±58 mV
and for T = 6 K. The magnetic polarization of NiNd was
opposite to the applied magnetic field. Therefore, when the
applied field exceeded the coercive field of the Cr-coated tip,
the spin-polarized tunneling from the Cr-coated tip to NiNd
became forbidden near the Fermi level, yielding nearly zero
tunneling conductance. The coercive field thus determined is
|HCrC | = 0.8± 0.1 T.
of the LCMO epitaxial films. Additionally, the coercive
fields of the LCMO films (HLCMOC ) for magnetic fields
perpendicular to the plane of films were determined by
the SQUID magnetometer, and were found to range from
0.02 T to 0.04 T as exemplified in Fig. 1(c). In general,
LCMO thin films fabricated under aforementioned condi-
tions have been shown to yield high-quality epitaxy via
high-resolution x-ray diffraction studies, magnetization
and transport measurements.21,22,35
Prior to STM measurements, samples were first etched
in a 0.5% bromine in pure ethanol solution and then
rinsed in pure ethanol to remove surface contaminants
such as the carbonates. Each etched sample was im-
mediately loaded onto our cryogenic STM system while
kept under excess pressure of helium gas during the load-
ing process. It is worth noting that the presence of sur-
face contaminants is common among the perovskite ox-
ides that contain alkaline earth metals (A = Ca, Sr and
Ba) because the alkaline earth elements are highly reative
to H2O and CO2.
37 Consequently, the removal of surface
non-stoichiometric alkaline earth compounds such as AO,
ACO3 and A(OH)2 upon chemical etching and ethonal
rinsing would tend to yield slight Ca-deficiency on the
sample surface relative to its bulk stoichiometry unless
long-time etching was carried out.37 Further, sample sur-
faces without proper removal of the contaminants often
exhibit excess concentrations of alkaline earth metals in
the XPS studies.36,37
The tunneling studies were conducted with our home-
made cryogenic STM with a base temperature T = 6 K
and a superconducting magnet capable of magnetic fields
up to H = 7 T. At T = 6 K the STM system was under
ultra-high vacuum with a base pressure ∼ 10−10 mbar.
Regular tunneling spectroscopic studies were conducted
with atomically sharp Pt/Ir tips, while spin polarized
studies were made by means of Pt/Ir tips evaporatively
coated with 15 ∼ 30 monolayers of Cr metal prepared in
a separate evaporation system, following the procedures
reported previously.29,30 Here we note that thin-film Cr
is ferromagnetic,29,30 and the Curie temperature (TCrC ) of
our Cr-coated tip was found to be much higher than room
temperature. Therefore, it is justifiable to assume that
electrical currents from the Cr-coated tip were always
spin-polarized. This assumption was subsequently veri-
fied by field-dependent tunneling conductance measure-
ments, and the degree of spin polarization (∼ 15%) was
also estimated, as elaborated in Section III. The coercive
field (HCrC ) of the Cr-coated tips was empirically deter-
mined by studying the tunneling conductance vs. mag-
netic fieldH for electrical currents tunneling from the Cr-
coated tip to a permanent magnet NdNi. The magnetiza-
tion of NdNi was opposite to the applied magnetic field,
so that for fields exceeding the coercive field of the Cr-
coated tip, tunneling from the spin-polarized tip to NdNi
became forbidden near the Fermi level and the tunneling
conductance approached zero, as shown in Fig. 1(d) for
small bias voltages at V = ±15, ±35, and ±58 mV. The
HCrC value thus determined was 0.8± 0.1 T, comparable
to the values determined by similar tunneling conduc-
tance measurements outlined in Refs. 29 and 30. Thus,
we have established the condition HLCMOC ≪ H
Cr
C < 1.0
T for all Cr-coated tips.
In the following studies, the STM system was oper-
ated at T = 6 K for H = 0, −0.3 T, and 3.0 T,
and also at T = 77 K and 300 K for H = 0. Both
Pt/Ir and Cr-coated tips were used in these studies.
Therefore, the field-dependent studies were carried out at
T ≪ T LCMOC ≪ T
Cr
C and under three conditions: H = 0,
HLCMOC < |H | < H
Cr
C with H < 0, and |H | > H
Cr
C
with H > 0. These conditions ensured that the effects
of spin-polarized currents were investigated for three dif-
ferent magnetic configurations in LCMO, which are 1)
randomly oriented magnetic domains, 2) aligned LCMO
4FIG. 2. (Color online) Characteristic features in the regular and spin-polarized tunneling spectra of LCMO taken at T = 77 K
and H = 0: (a) A normalized α-type tunneling conductance spectrum taken with a Pt/Ir tip, showing maximal conductance
at ω = −U− and ω = U+ that corresponds to the maximal DOS associated with the majority and minority bands of LCMO,
respectively.10 Additional features associated with an insulating energy gap at ω = −∆− and ω = ∆+ are observed. Here the
values of ∆± are determined by identifying the energies where the second derivatives of the tunneling current (I) relative to
the bias voltage (V ) reach maxima, as indicated in the inset. (b) A normalized β-type tunneling conductance spectrum taken
with a Pt/Ir tip, showing one set of conductance peaks at ω = −U− and ω = U+. The insulating gap values ∆± are determined
in the same way as in (a) and are shown in the inset. (c) The histograms of the characteristic energies U± and ∆± derived
from the tunneling spectra taken with a Pt/Ir tip over a (500× 500) nm2 sample area. Here 〈U+〉 refers to the maximal count
of the positive characteristic energy that is associated with the DOS peak in LCMO, and ∆∗+ refers to the positive PG energy
associated with the γ-type spectra. (d) Energy histograms of U± and ∆± derived from the tunneling spectra taken with a
Pt/Ir tip over a (500× 500) nm2 sample area different from the area studied in (c), showing statistically similar results. (e) A
normalized α-type tunneling conductance spectrum taken with a Cr-coated tip, showing similar features to the spectra taken
with a Pt/Ir tip, although the values of U± and ∆± differ slightly. (f) A normalized γ-type tunneling conductance spectrum
taken with a Cr-coated tip, showing PG-like behavior with one set of relatively low conductance peaks at ω = −U∗− and ω = U
∗
+
and vanishing DOS at ω ∼ 0. Here we use the notation ∗ to represent features associated with the PG-like spectra. (g) Energy
histograms of U± and ∆± derived from the tunneling spectra taken with a Cr-coated tip over a (500× 500) nm
2 sample area.
(h) Energy histograms of U± and ∆± derived from the tunneling spectra taken with a Cr-coated tip over a (500 × 500) nm
2
sample area different from that in (g). Here the values of the hard insulating gap and those of the PG appear to merge, whereas
the distribution of U± appear to be comparable to that shown in (g).
magnetic domains that were anti-parallel to the spin-
polarized current, and 3) aligned LCMO magnetic do-
mains that were parallel to the spin polarized current.
The spectroscopic measurements consisted of tunnel-
ing current (I) versus bias voltage (V ) spectra taken from
V = −3 V to 3 V at each pixel on a (128×128) pixel grid
located over a (500 × 500) nm2 area for zero-field stud-
ies at 77 K and 300 K. On the other hand, the scanned
sample area for field-dependent measurements at 6 K was
reduced to (250× 90) nm2 because of the much reduced
scanning range of the piezoelectric material at low tem-
peratures and the experimental preference to complete
a full spectroscopic scan without interruptions by the
need of liquid helium transfer. For all tunneling spectra,
the typical junction resistance was kept at ∼ 100MΩ.
It was verified that the tunneling spectroscopy and to-
pography were both independent of slight variations of
the tip height relative to the sample surface under this
range of junction resistance. For consistent analysis of
all experimental data taken under different conditions on
multiple samples, the tunneling spectra to be discussed
below were all processed into normalized differential con-
ductance, (dI/dV )/(I/V ) ≡ G¯, because this quantity
minimizes extrinsic effects incurred by slight variations
in the sample-tip separation, and so best represents the
material characteristics of the tunnel junction.
For comparison of the spectral characteristics as func-
tions of temperature, magnetic field and spin polariza-
tion, it would have been ideal to conduct all studies over
identical sample areas. However, in practice we were only
able to investigate the field dependent spectra over the
same sample area by keeping the measurements at a con-
stant temperature T = 6 K. This limitation was because
changes in the measurement temperature would result in
drifts of the STM tip, and replacing the STM tip (e.g.
from Pt/Ir to Cr-coated tips) would lead to a different
sample area upon reapproaching the tip to the sample.
Given the intrinsic heterogeneity of LCMO, meaningful
5comparison among data taken either with different STM
tips or at different temperatures could only be made
if statistical consistency in the spectral characteristics
could be established. This premise was indeed verified in
our investigation, as elaborated further in Section III.
III. RESULTS AND ANALYSIS
Based on the methods outlined in Section II, system-
atic studies of the tunneling spectral evolution with tem-
perature, magnetic field and spin polarization were car-
ried out to address the issues of phase separation, surface
state and PG phenomena in the nominally metallic man-
ganite epitaxial thin films of La0.7Ca0.3MnO3 (LCMO)
on (LaAlO3)0.3(Sr2AlTaO6)0.7 substrates.
A. Spectral characteristics
Our detailed surveys of the LCMO tunneling spec-
tra over relatively large sample areas and multiple sam-
ples with both Pt/Ir and Cr-coated tips at T = 77 K
(≪ T LCMOC ≪ T
Cr
C ) and H = 0 revealed three types
of representative tunneling spectra, which are labeled as
α, β, and γ-types for convenience. Examples of the α
and β-types of spectra taken with a Pt/Ir tip are shown
respectively in Figs. 2(a) and 2(b), and representative
spectra of the α and γ-types taken with a Cr-coated tip
are illustrated in Figs. 2(e) and 2(f).
For the dominant α-type of spectra, there are four pri-
mary characteristic features, including two major con-
ductance peaks at energies of ω = U+ and −U−, and two
smaller peaks flanking a low-energy insulating gap at the
Fermi level. The α-type of spectra is consistent with our
previous single-point spectroscopic studies.17 In the case
of the β-type spectra as exemplified in Fig. 2(b), only
one pair of peak features at ω = U+ and ω = −U− may
be identified, and this type of spectra typically reveals a
wider tunneling gap. The γ-type spectra are essentially
PG-like, as shown in Fig. 2(f). Specifically, the character-
istic energies U∗± associated with the broad peak features
of the γ-type spectra are much smaller than those found
in the other two types of spectra, and the conductance
values at ω = U∗+ and ω = −U
∗
− are also much smaller.
Moreover, in contrast to the completely vanished density
of states (DOS) over a finite range of energies in the α
and β-type spectra, the DOS in the γ-type spectra only
vanishes at the Fermi level and remains finite for all finite
energies ω 6= 0.
For consistent comparison of the low-energy features
among three different types of spectra, we associate ∆+
and −∆− (or ∆∗+ and −∆
∗
− in the case of the γ-type)
with the energies where the derivatives of the low-energy
tunneling conductance reached the maximum, as shown
in the insets of Figs. 2(a), 2(b), 2(e) and 2(f). The his-
tograms for all four characteristic energies are combined
in Figs. 2(c) and 2(d) for spectra taken with Pt/Ir-tips
FIG. 3. (Color online) (a) Ca-doping (x) dependence of the
DOS peak energies U± based on known bandstructure calcu-
lations,10,11 showing decreasing U+ and increasing U− with
increasing Ca-doping. Apparent correlation between the spa-
tial distribution of the DOS peak energy U+ and that of the
surface insulating gap ∆+ is manifested by comparing the ∆+
map in (b) and the U+ map (c), both over the same (500×500)
nm2 sample area. The correlation is further quantified by the
map of cross correlation between U+ and ∆+ in (d),
39 show-
ing positive correlation throughout most of the sample area.
A smaller fraction of anti-correlated regions occurs along the
domain boundaries. These regions are associated with the
occurrence of PG and exhibit the γ-type spectra.
over two different (500×500)nm2 areas, and in Figs. 2(g)
and 2(h) for spectra taken with Cr-coated tips over two
different (500 × 500)nm2 areas. In general, we find that
∆± ∼ 0.6 eV and ∆∗± ∼ 0.4 eV at 77 K for data taken
with Pt/Ir tips. The apparent spatial variations in the
characteristic energies are manifestations of the intrinsi-
cally heterogeneous nature of the manganites, even for
the most conducting and homogeneous LCMO composi-
tion considered in this work.
While the characteristics of each type of spectra taken
with Pt/Ir and Cr-coated tips were qualitatively simi-
lar, as exemplified in Figs. 2(a) and 2(e) and also mani-
fested by the histograms shown in Figs. 2(c) and 2(g) and
Figs. 2(d) and 2(h), careful inspections of the spectral
details reveal quantitative differences. These differences
may be attributed to the energy-dependent DOS of Cr,
which will be discussed further in Section IV. Therefore,
in the following discussion we only refer to the data taken
with Pt/Ir tips as representative of the DOS of LCMO.
According to bandstructure calculations,10,11 the val-
ues of U± in the bulk DOS of LCMO are correlated di-
rectly with the Ca-doping level and are well defined for
6a given Ca-doping level x, as exemplified in Fig. 3(a) for
specific doping levels considered in bandstructure calcu-
lations. Therefore, the finite range of U± values mani-
fested by the histograms in Figs. 2(c), 2(d), 2(g) and 2(h)
imply spatially varying Ca-doping levels. Nonetheless,
the dominating value of |U±| varies between 1.0 and 1.2
eV, which correspond to local Ca-doping levels between
x = 0.33 and x = 0.25, in good agreement with the nom-
inal doping level of our sample x = 0.3 if we estimate the
Ca-doping level by assuming monotonic U±-vs.-x depen-
dence as shown in Fig. 3(a). Additionally, the apparent
positive correlation between most regions of the maps of
U+ and ∆+ values over the same (500×500) nm2 sample
area, as shown in Figs. 3(b) – 3(c) and further quantified
by the map of cross correlations39 between U+ and ∆+
in Fig. 3(d), is suggestive of a common physical origin
for the spatial variation in U+ and ∆+. In other words,
the intrinsic electronic heterogeneity in the manganites is
responsible for the empirical observation of spectral vari-
ations at low temperatures and in zero-field. Further,
from Fig. 3(a) we find that positive correlation between
U+ and ∆+ implies that larger ∆+ values are associated
with lower Ca-doping levels (larger U+ values).
As noted before, the sample areas studied with differ-
ent STM tips and at different temperatures are gener-
ally not identical. Therefore, for meaningful comparison
of the spectral evolution with temperature and spin po-
larization, it is necessary to establish statistical consis-
tency of the spectral characteristics obtained from one
(500 × 500) nm2 area with those obtained from another
(500× 500) nm2 area of the same sample. Similarly, for
different samples prepared under the same fabrication
conditions, it is also necessary to establish the same sta-
tistical consistency. In this context, we show in Figs. 2(c),
2(d), 2(g) and 2(h) the histograms of U± and ∆± ob-
tained from the tunneling spectra on different sample
areas at 77 K with Pt/Ir and Cr-coated tips. As evi-
denced by the similarities of Fig. 2(c) to Fig. 2(d) and
Fig. 2(g) to Fig. 2(h), the spectral characteristics over
different (500× 500) nm2 areas appear to be statistically
consistent for the same type of STM tips and at the same
temperature.
B. Temperature dependence
At T = 300 K the LCMO epitaxial thin films studied
in this work were in the paramagnetic phase. Hence, the
spectral characteristics at T = 300 K were quite different
from those observed in the bulk ferromagnetic state at
T = 77 K, as shown in Figs. 4(a)-(b) and 4(d)-(e) for
exemplified spectra taken at 300 K and with Pt/Ir and
Cr-coated tips, respectively. Comparison of Figs. 4(a)-
(b) and 4(d)-(e) with Figs. 2(a)-(b) and 2(e)-(f) indi-
cates several important contrasts. First, the large DOS
peaks associated with U± for ferromagnetic LCMO be-
came much suppressed in the paramagnetic state and the
U∗± values become much smaller than U±. Second, the
surface insulating gap found around the Fermi level at 77
K either completely disappeared (Figs. 4(b) and 4(e)) or
became a PG (Figs. 4(a) and 4(d)), as summarized by the
histograms of the PG ∆∗± in Figs. 4(c) and 4(f), where
large counts at both zero and the PG energies 〈∆∗+〉 are
shown. The vanishing gaps at 300 K for some of the spec-
tra cannot be accounted for by thermal smearing alone,
and are therefore suggestive of a magnetic phase tran-
sition occurring at a mean transition temperature be-
tween 77 K and 300 K. On the other hand, the nearly
temperature independent PG energies are suggestive of
a completely different physical origin. Third, slight dif-
ferences were found between the spectra taken with the
Pt/Ir tip and those taken with the Cr-coated tip at 300
K, as manifested in Figs. 4(a)-(b) and 4(d)-(e). The dif-
ferences occurred because spectra taken with the former
were representative of the DOS of LCMO in the paramag-
netic phase, whereas those taken with the latter consisted
of convoluted DOS of the paramagnetic LCMO and the
ferromagnetic Cr-coated tip.
In addition to the temperature-dependent spectral
characteristics, the spatial variations in the tunneling
conductance also revealed temperature-dependent evolu-
tion. Specifically, the tunneling conductance in the para-
magnetic state was generally more homogeneous than
that in the ferromagnetic state, because the tendency
toward phase separations only occurred in the ferromag-
netic state of LCMO, as manifested by the constant-
bias tunneling conductance maps in Figs. 5(a) and 5(c)
for room temperature spectra taken at ω = 〈U∗+〉 with
the Pt/Ir and Cr-coated tips, respectively. In contrast,
the tunneling conductance in the ferromagnetic state
was significantly more inhomogeneous, as exemplified in
Figs. 5(d) and 5(f) for tunneling conductance taken at 77
K and for ω = 〈U+〉. Here 〈U+〉 is defined as the most
commonly occurring U+ values obtained from the his-
tograms in Fig. 2. The statistical distributions of the con-
ductance at ω = 〈U+〉 for 77 K and at ω = 〈U
∗
+〉 for 300
K are summarized by the histograms in Figs. 5(b) and
5(e) for spectra taken with the Pt/Ir and Cr-coated tips,
respectively. While the histograms at T = 300 K were
statistically similar between spectra taken with Pt/Ir and
Cr-coated tips as shown in Fig. 5(b), at 77 K the tun-
neling conductance distributions for spectra taken with
the Cr-coated tip revealed an overall shift towards higher
conductance than those taken with the Pt/Ir tip. The ap-
parent differences between the histograms obtained with
Pt/Ir and Cr-coated tips from LCMO at 77 K are sugges-
tive of different effects associated with regular and spin-
polarized tunneling into spatially inhomogeneous LCMO
in its ferromagnetic phase.
Similarly, the tunneling conductance maps for ω =
〈∆∗+〉 taken at 300 K with Pt/Ir and Cr-coated tips
are shown in Figs. 6(a) and 6(c), respectively, whereas
those for ω = 〈∆+〉 taken at 77 K with Pt/Ir and Cr-
coated tips are shown in Figs. 6(d) and 6(f). These maps
again reveal spatially more homogeneous tunneling con-
ductance in the paramagnetic state. For completeness,
7FIG. 4. (Color online) Comparison of the tunneling spectral characteristics taken with Pt/Ir and Cr-coated tips at T = 300 K
and H = 0: (a) A PG-like spectrum taken with a Pt/Ir tip, showing significantly suppressed U∗± values relative to the peak
energies U± found in the spectrum of Fig. 2(a). The PG values ∆
∗
± are determined from the peaks of the (d
2I/dV 2)-vs.-V
spectrum. (b) Another typical type of spectra taken with a Pt/Ir tip, showing vanishing gaps as detailed in the inset. (c)
Histograms of the PG values ∆∗± and the characteristic energies U
∗
± obtained by using a Pt/Ir tip over a (500× 500)nm
2 area
at 300 K, showing suppressed U∗± values relative to the U± values found at 77 K, as well as large counts of vanishing gaps
(shown by the arrows at ω = 0) and PG at ω = 〈∆∗±〉. (d) A typical PG-like spectrum taken with a Cr-coated tip, showing
suppressed U∗± values relative to the peak energies U± found in the spectrum of Fig. 2(e). The PG values ∆
∗
± are determined
from the peaks of the (d2I/dV 2)-vs.-V spectrum. (e) Another typical type of spectra taken with a Cr tip, showing vanishing
gaps as detailed in the inset. (f) Histograms of PG values ∆∗± and the characteristic energies U
∗
± obtained by using a Cr-coated
tip over a (500 × 500)nm2 area at 300 K, showing suppressed U∗± values relative to the U± values found at 77 K, as well as
large counts of vanishing gaps (shown by the arrows at ω = 0) and PG at ω = 〈∆∗±〉.
the statistical distributions of the tunneling conductance
at ω = 〈∆∗+〉 for T = 300 K and ω = 〈∆+〉 for T = 77 K
are summarized by the histograms in Figs. 6(b) and 6(e).
Here 〈∆+〉 denotes the most commonly occurring insu-
lating gap value at positive bias from the histograms in
Fig. 2 for T = 77 K, and 〈∆∗+〉 represents the most com-
monly found PG values from the histograms in Fig. 4 for
T = 300 K.
C. Magnetic field dependence
Although differences between the tunneling spectra
taken with Pt/Ir tips and those taken with Cr-coated
tips are readily visible at H = 0 and for T < T LCMOC , ad-
ditional magnetic field dependent investigations are nec-
essary to provide better quantitative understanding for
spin-polarized tunneling in LCMO. As described previ-
ously, the degree of spin polarization may be controlled
by keeping T < T LCMOC and by applying oppositely di-
rected magnetic fields with magnitudes satisfying either
the condition HLCMOC < |H | < H
Cr
C or |H | > H
Cr
C . The
applied fields H = −0.3 T and H = 3.0 T chosen in this
work are consistent with the required conditions.
In Figs. 7(a)-(c) representative normalized spectra
taken in the same area with a Cr-coated tip and at T = 6
K are shown for H = 0, −0.3 T and 3.0 T. It is ap-
parent that these tunneling spectra evolved significantly
with magnetic field, with the statistical field-dependent
spectral evolution for a (250× 90)nm2 sample area sum-
marized by the histograms of the characteristic energies
U+ and ∆+ in Figs. 7(d)-(e). In particular, the non-
monotonic field dependence of 〈U+〉 and 〈∆+〉 is notewor-
thy. Further, the normalized tunneling conductance map
also revealed significant and non-monotonic field depen-
dence, as exemplified in Figs. 8(a)-(c) and in Figs. 9(a)-
(c) for spatially resolved tunneling conductance maps
taken at the characteristic energies ω = 〈U+〉 and 〈∆+〉,
respectively, and for H = 0, −0.3 T and 3.0 T over the
same (250× 90)nm2 sample area. We find that the spa-
tially inhomogeneous conductance map at H = 0 and
for ω = 〈U+〉 became more homogeneous in finite fields,
reaching overall highest conductance for H = −0.3 T, as
manifested statistically by the histograms of conductance
in Figs. 8(a)-(c) for H = 0, −0.3 T and 3.0 T. Addition-
ally, all conductance maps taken at ω = 〈U+〉 appear
to correlate with those at ω = 〈∆+〉 when we compare
8FIG. 5. (Color online) Comparison of the high-bias tunneling
spectral characteristics taken with Pt/Ir and Cr-coated tips
at H = 0: (a) A (500× 500)nm2 tunneling conductance map
taken with a Pt/Ir tip at ω = 〈U∗+〉 and T = 300 K. (b)
Histograms of the tunneling conductance obtained by using a
Pt/Ir tip and a Cr-coated tip at T = 300 K and for ω = 〈U∗+〉.
(c) A (500× 500)nm2 tunneling conductance map taken with
a Cr-coated tip at ω = 〈U∗+〉 and T = 300 K. (d) A (500 ×
500)nm2 tunneling conductance map taken with a Pt/Ir tip
at ω = 〈U+〉 and T = 77 K. (e) Histograms of the tunneling
conductance obtained by using a Pt/Ir tip and a Cr-coated
tip at T = 77 K and for ω = 〈U+〉.(f) A (500 × 500)nm
2
tunneling conductance map taken with a Cr-coated tip at the
characteristic energy ω = 〈U+〉 and T = 77 K.
Figs. 8(a)-(c) with Figs. 9(a)-(c).
For comparison, similar magnetic field-dependent spec-
troscopic studies were conducted under the same con-
ditions with a Pt/Ir tip. The representative tunnel-
ing spectra taken in the same area with a Pt/Ir tip at
T = 6 K and for H = 0, −0.3 T and 3.0 T are shown
in Figs. 10(a)-(c). Overall these tunneling spectra ex-
hibit different field-dependent evolution when compared
with the spectra taken with a Cr-coated tip, as statis-
tical manifested by the histograms of the characteristic
energies U+ and ∆+ in Figs. 10(d)-(e). In particular, we
note that the histograms of U+ values appear to shift
monotonically up to higher energies with the increasing
magnitude of magnetic field. Similarly, the insulating
gap values ∆+ appear to shift up monotonically and the
distributions become sharper with the magnitude of in-
creasing magnetic field. The spectral characteristics ob-
tained with Pt/Ir tips are therefore only dependent on
the magnitude of applied fields, which are in stark con-
trast to the spectra obtained with Cr-coated tips that
are strongly dependent on the direction of the applied
magnetic field. Additionally, the tunneling conductance
G¯ taken with Pt/Ir tips at ω = 〈U+〉 generally increases
with increasing |H |, as exemplified by the conductance
maps in Figs. 11(a)-(c) for H = 0, −0.3 T and 3.0 T
and also summarized by the conductance histograms in
Fig. 11(d).
The general trend of increasing tunneling conductance
and spatial homogeneity at ω = 〈U+〉 with increasing
magnetic field for data taken with the Pt/Ir tip is con-
sistent with the CMR nature of the manganites, because
FIG. 6. (Color online) Comparison of the low-bias tunnel-
ing spectral characteristics taken with Pt/Ir and Cr-coated
tips at H = 0: (a) A (500 × 500)nm2 tunneling conductance
map taken with a Pt/Ir tip at ω = 〈∆∗+〉 and 300 K. (b)
Histograms of the tunneling conductance obtained by using
a Pt/Ir tip and a Cr-coated tip at 300 K for ω = 〈∆∗+〉.
(c) A (500× 500)nm2 tunneling conductance map taken with
a Cr-coated tip at ω = 〈∆∗+〉 and for T = 300 K. (d) A
(500×500)nm2 tunneling conductance map taken with a Pt/Ir
tip at ω = 〈∆+〉 and T = 77 K. (e) Histograms of the tunnel-
ing conductance obtained by using a Pt/Ir tip and a Cr-coated
tip at 77 K and for ω = 〈∆+〉. (f) A (500 × 500)nm
2 tun-
neling conductance map taken with a Cr-coated tip at the
characteristic energy ω = 〈∆+〉 and for T = 77 K.
better alignment of magnetic domains and increasing mo-
bility with increasing magnetic field results in enhanced
electrical conductance across different magnetic domains.
We further note that the increasing spatial homogeneity
in the tunneling conductance with increasing |H | also
agrees with previous STS reports on LCMO,12 although
previous reports focused on tunneling conductance stud-
ies near the Curie temperature and only at one constant
energy ω = 3.0 eV. Additionally, we find that the conduc-
tance G¯ at ω = 〈∆+〉 decreases with increasing |H |, as
shown in Figs. 12(a)-(c). The opposite field-dependence
of G¯(ω) for ω = 〈∆+〉 to that for ω = 〈U+〉 suggests that
U+ and ∆+ are associated with different characteristics
of the LCMO sample. This point will be elaborated in
the following analysis and discussion.
The apparent contrasts between aforementioned field-
dependent spectra taken at 6 K with Cr-coated tips and
those taken with Pt/Ir tips, as shown in Figs. 7-12, are
all consistent with spin-polarization tunneling in the for-
mer. To achieve more quantitative understanding of the
spin-polarized tunneling in the manganite, we consider
in the following subsection numerical simulations of the
tunneling spectra under different conditions.
D. Simulations of the tunneling spectra
To begin, it is instructive to consider the theoretically
calculated DOS of both LCMO and Cr in the tunneling
conductance. Specifically, the tunneling current (I) from
9FIG. 7. (Color online) Comparison of magnetic field-dependent spectral characteristics taken with a Cr-coated tip at T = 6
K: (a) Normalized conductance (dI/dV )/(I/V ) ≡ G¯ vs. bias voltage (V ) spectrum for H = 0. (b) G¯ vs. V spectrum for
H = −0.3 T. (c) G¯ vs. V spectrum for H = 3.0 T. (d) Histograms of the characteristic energy U+ over the same (250×90)nm
2
sample area for H = 0, −0.3 T and 3.0 T. (e) Histograms of ∆+ over the same (250 × 90)nm
2 sample area at H = 0, −0.3 T
and 3.0 T. (f) Temperature evolution of the histograms of ∆+ over a (250× 90)nm
2 sample area at H = 0, showing downshifts
in the insulating gap values with increasing temperature. Specifically, two types of gap values at 6 K may be attributed to an
insulating surface gap and a pseudogap. The former vanishes and the latter persists at 300 K.
FIG. 8. (Color online) Comparison of magnetic field-
dependent high-bias conductance maps (ω = 〈U+〉) taken over
the same (250× 90)nm2 sample area with a Cr-coated tip at
T = 6 K: (a) Normalized conductance map for H = 0. (b)
Normalized conductance map for H = −0.3 T. (c) Normal-
ized conductance map for H = 3.0 T. (d) Histograms of the
normalized conductance at ω = 〈U+〉 and for H = 0, −0.3 T
and 3.0 T, showing highest mean conductance at H = −0.3
T when the spin-polarization of the tunneling currents is an-
tiparallel to the magnetization of LCMO.
FIG. 9. (Color online) Comparison of magnetic field-
dependent low-bias conductance maps (ω = 〈∆+〉) taken over
the same (250× 90)nm2 sample area with a Cr-coated tip at
T = 6 K: (a) Normalized conductance map for H = 0. (b)
Normalized conductance map for H = −0.3 T. (c) Normal-
ized conductance map for H = 3.0 T. (d) Histograms of the
normalized conductance at 〈∆+〉 at H = 0, −0.3 T and 3.0
T, showing lowest mean conductance at H = −0.3 T when
the spin-polarization of the tunneling currents is antiparallel
to the magnetization of LCMO.
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FIG. 10. (Color online) Comparison of magnetic field-dependent spectral characteristics taken with a Pt/Ir tip at T = 6 K: (a)
Normalized conductance G¯ ≡ (dI/dV )/(I/V ) vs. energy (ω) spectrum for (a) H = 0, (b) H = −0.3 T and (c) H = 3.0 T. (d)
Histograms of the characteristic energies U+ obtained from the same (250× 28)nm
2 sample area under H = 0, −0.3 T and 3.0
T, showing monotonic shift towards the right with increasing |H |. (e) Histograms of surface gap energies ∆+ obtained from
the same (250× 28)nm2 sample area under H = 0, −0.3 T and 3.0 T, showing monotonic increase of 〈∆+〉 with increasing |H |.
(f) Comparison of the zero-field temperature evolution of ∆+, showing a wide distribution of insulating gap values at 6 K and
a persistent pseudogap at ∆∗+ ∼ 0.4 eV at 300 K.
Cr to LCMO as a function of the bias voltage (V ) may
be expressed by the following:
I(V ) = G
∑
σ,σ′=α,β
∫
dωN σCr(ω − eV )N
σ′
LCMO(ω)
× T (ω,H, θ)[fσ(ω − eV )− fσ′(ω)], (1)
where ω denotes the quasiparticle energy relative to the
Fermi level, G is the LCMO sample conductance, σ and
σ′ refer to the spin-dependent energy bands (majority
band: α, minority band: β) of Cr and LCMO, respec-
tively, fσ(ω) = 1/[exp(ω/kBT ) + 1] is the Fermi-Dirac
distribution function for σ-band, N σCr(ω) and N
σ′
LCMO(ω)
are the spin-dependent DOS of Cr and LCMO, respec-
tively, and T (ω,H, θ) represents the tunneling matrix of
the STM junction that depends on the relative magneti-
zation angle (θ) of Cr and LCMO. Thus, the normalized
tunneling conductance (dI/dV )(V/I) can be determined
from Eq. (1) for given N σCr(ω) and N
σ′
LCMO(ω), provided
that the relative spin configurations of Cr and LCMO are
known and that the tunneling matrix is nearly indepen-
dent of energy.
It is reasonable to assume that the magnetization of
the Cr-coated tip follows the tip geometry for all tem-
peratures of the experiments and is therefore fixed and
approximately perpendicular to the plane of the LCMO
sample. Therefore, at H = 0 the angle θ follows the
spatial variation of the magnetization from one magnetic
domain to another in the LCMO sample. On the other
hand, for magnetic field opposite to the spin polariza-
tion of the Cr-coated tip and with a magnitude satisfy-
ing the condition HLCMOC < |H | < H
Cr
C , the net mag-
netization for the spin-polarized tunneling currents and
the magnetization of each magnetic domain of LCMO
are antiparallel, so that the selection rules for spins yield
T (ω,H, θ = 0) = 0, and for positive bias (ω = eV > 0)
the spin-polarized tunneling involves primarily electron
tunneling (because hole tunneling is suppressed) from oc-
cupied Cr-majority band to empty LCMO-minority band
and from occupied Cr-minority band to empty LCMO-
majority band. Hence, for anti-parallel Cr and LCMO
magnetizations, the normalized tunneling conductance
G¯↑↓(V ) may be approximated by the following joint den-
sity of states:
G¯↑↓(V ) ∼ N
α
Cr(0)N
β
LCMO(ω) +N
β
Cr(0)N
α
LCMO(ω). (2)
Similarly, the normalized tunneling conductance for
parallel magnetizations involves primarily electron tun-
neling from occupied Cr-majority band to empty LCMO-
majority band and from occupied Cr-minority band to
empty LCMO-minority band. Therefore, in the case of
positive bias (ω = eV > 0) we have T (ω,H, θ = ±pi) = 0,
and the normalized tunneling conductance G¯↑↑(V ) be-
comes:
G¯↑↑(V ) ∼ N
α
Cr(0)N
α
LCMO(ω) +N
β
Cr(0)N
β
LCMO(ω). (3)
Given Eqs. (2) and (3) and the bandstructure calcula-
tions for Nα,βCr (ω) and N
α,β
LCMO(ω) illustrated in Fig. 13,
the energy-dependent spin-polarized tunneling conduc-
tance may be derived. For various configurations under
both regular and spin-polarized tunneling, as schemat-
ically illustrated in Figs. 14(a)-(d), the resulting tun-
neling spectra are calculated and shown in the bottom
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FIG. 11. (Color online) Comparison of magnetic field-
dependent high-bias tunneling conductance maps taken at
ω = 〈U+〉 ∼ 1336 meV over the same (250 × 28) sample
area with a Pt/Ir tip at T = 6 K and for (a) H = 0, (b)
H = −0.3 T, and (c) H = 3.0 T, showing monotonic increase
in the homogeneity and the value of G¯ with increasing |H |.
(d) Histograms of the normalized tunneling conductance G¯ at
ω = 〈U+〉 at H = 0, −0.3 T and 3.0 T.
row of Fig. 14. Apparently the tunneling conductance
at ω = U+ is significantly higher for the anti-parallel
spin configuration between the Cr-coated tip and LCMO
than that for the parallel configuration, consistent with
the empirical histograms of the tunneling conductance
shown in Fig. 8(d). Hence, the field-dependent tunnel-
ing spectra of LCMO obtained with a Cr-coated tip in
the high-bias limit may be fully accounted for by spin-
polarized tunneling in a spin-valve configuration.
Next, we estimate the degree of spin polarization as-
sociated with the tunneling currents from the Cr-coated
STM tip by the following consideration.29 Generally in a
spin-valve configuration, the difference in the device tun-
neling conductance between the parallel and antiparallel
magnetic configurations for the two ferromagnetic layers
separated by an insulating barrier can be expressed by
the following tunneling conductance ratio:29
RG(ω) =
G¯↑↑(ω)− G¯↑↓(ω)
G¯↑↓(ω)
, (4)
where G¯↑↑ and G¯↑↓ represent the respective conduc-
tance in the parallel and antiparallel configurations.
FIG. 12. (Color online) Comparison of magnetic field-
dependent low-bias tunneling conductance maps taken at
ω = 〈∆+〉 ∼ 420 meV over the same sample area as in Fig. 11
with a Pt/Ir tip at T = 6 K and for (a) H = 0, (b) H = −0.3
T and (c) H = 3.0 T, showing monotonic increase in the con-
ductance homogeneity but decrease in the value of G¯ with
increasing |H |. (d) Histograms of G¯ at ω = 〈∆+〉 and for
H = 0, −0.3 T, and 3.0 T.
The energy-dependent tunneling conductance ratio in
Eq. (4) may be further related to the bias-dependent
spin-polarizations P1 and P2 of the two ferromagnetic
layers as follows:29
RG(ω) =
2P1(ω)P2(ω)
1− P1(ω)P2(ω)
. (5)
The aforementioned planar spin-valve configuration may
be generalized to the case of spatially resolved SP-STM
conductance maps at ω = 〈U+〉 by integrating the quan-
tities in the numerator and denominator in Eq. (5) over
the entire scanned area. As illustrated in Fig. 14, we
may assign the normalized conductance values taken at
H = −0.3 T to the antiparallel magnetic configuration
and those taken at H = 3.0 T to the parallel magnetic
configuration. Inserting the spatially resolved conduc-
tance G¯(ω = 〈U+〉, x, y) into Eq. (5), we obtain
∫ ∫
dxdy
[
G¯H=3T(〈U+〉, x, y)− G¯H=−0.3T(〈U+〉, x, y)
]
∫ ∫
dxdy G¯H=−0.3T(〈U+〉, x, y)
=
2PCr(ω)PLCMO(ω)
1− PCr(ω)PLCMO(ω)
, (6)
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FIG. 13. (Color online) Theoretical density of states (DOS)
for LCMO and Cr at T ≪ TC from bandstructure calcula-
tions: (a) Theoretical DOS for the majority and minority
bands of LCMO with x = 0.25.10 (b) Theoretical DOS for
the majority and minority bands of the first layer of Cr in a
thin film. (c) Theoretical tunneling configurations for paral-
lel magnetization between Cr-coated tip and LCMO sample
under a positive bias voltage V = (U+/e), showing the domi-
nating processes of electron tunneling from the occupied ma-
jority band of Cr to the empty majority band of LCMO and
from the occupied minority band of Cr to the empty minority
band of LCMO.
where PCr is the spin polarization of the Cr tip, and
PLCMO is the polarization of the LCMO sample. From
bandstructure calculations for LCMO with x = 0.25,
PLCMO is estimated at ∼ 61% at ω = 〈U+〉.10 There-
fore, the resulting polarization of the Cr tip using Eq. (6)
yields PCr ∼ 15%.
IV. DISCUSSION
The simulations described in Section III are based on
the assumption of regular and spin-polarized tunneling
in bulk LCMO samples, and the simulated results are
found to be consistent with the high-bias spectral behav-
ior, indicating that tunneling currents from the Cr-coated
tip may be considered as spin-polarized along a fixed di-
rection for all temperatures and magnetic fields of our
consideration. Next, we consider the low-bias spectral
behavior under both regular and spin-polarized tunnel-
ing at 6 K, which provides useful information for the
surface phase of LCMO.
In the case of regular tunneling using Pt/Ir-tips, the
histograms of the field-dependent insulating gap ∆+
shown in Fig. 10(e) reveal increasingly narrower distri-
butions of gap values with increasing |H |, and the most
probable value of ∆+ appears to independent of the mag-
netic field direction. In contrast, for spin-polarized tun-
neling using the Cr-coated tips, the histograms of the
field-dependent insulating gap ∆+ shown in Fig. 7(e)
reveal very different distributions from those shown in
Fig. 10(e). Specifically, the zero-field ∆+ values obtained
with a Cr-coated tip appear to be bi-modal, showing a
sharper distribution peaking at the PG ∆∗+ and a boarder
distribution centering around a gap value defined as ∆P+.
On the other hand, for H = −0.3 T, the distribution of
∆+ becomes narrowly centering around a higher energy
gap defined as ∆AP+ where ∆
AP
+ > ∆
P
+, and the pseu-
dogap features ∆∗+ appear to be strongly suppressed by
magnetic field. In contrast, for H = 3.0 T, the distri-
bution of ∆+ is largely concentrating around ∆
P
+ with a
linewidth broader than that for H = −0.3 T, although
the PG features are also strongly suppressed.
The seemingly puzzling field-dependent ∆+ distribu-
tions shown in Figs. 7(e) and 10(e) may be understood
by attributing the surface phase of LCMO to a ferromag-
netic insulator (FI) as the result of one of the following
two scenarios. The first scenario is to consider the LCMO
sample as stoichiometric both in the bulk and near the
surface, with the surface atomic layer terminated by insu-
lating MnO2.
23 In this context, the ferromagnetic nature
of the sample is maintained throughout the sample, in-
cluding the surface, so that the surface state behaves like
a FI. Indeed, our previous optical studies of LCMO epi-
taxial films and single crystals40–42 have revealed clear
Drude-like optical conductivity below TC , implying bulk
metallic behavior in the ferromagnetic state. Hence, the
bulk characteristics of our LCMO samples determined
from measurements of the magnetization, transport and
optical properties are all consistent with a metallic ferro-
magnetic phase,21,22,35,40–42 whereas manifestation of a
gapped state is only found in surface sensitive measure-
ments such as the STM and XPS studies,17–20,35,37,38 sug-
gesting that only the surface of LCMO is insulating. Sim-
ilar results from optical measurements have also been re-
ported for cleaved La0.7Sr0.3MnO3 single crystals,
43 sug-
gesting common metallic behavior in the bulk ferromag-
netic phase of the manganites.
On the other hand, a second senario that assumes a
Ca-deficient surface layer may also account for the afore-
mentioned experimental findings. Specifically, according
to the phase diagram of La1−xCaxMnO3,
9,15 the ground
state of the manganites is a ferromagnetic insulator (FI)
if the Ca doping level x is less than 0.2. Although no
experimental techniques known to date can determine
the nano-scale local chemical compositions of a sample
surface, it is conceivable that a Ca-deficient surface in
the LCMO may result in a FI surface phase. How-
ever, the substantial Ca-deficiency required to yield a
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FIG. 14. (Color online) Effect of magnetic field and spin-polarized tunneling on the resulting tunneling spectra at T ≪ TLCMOC :
Schematic illustrations of STS measurements with (a) a Pt/Ir tip at H = 0, showing spin-degenerate tunneling currents into
ferromagnetic LCMO with randomly oriented magnetic domains; (b) a Cr-coated tip at H = 0, showing spin-polarized tunneling
currents into ferromagnetic LCMO with randomly oriented magnetic domains; (c) a Cr-coated tip at H = −0.3 T, showing
spin-polarized tunneling currents into ferromagnetic LCMO with magnetic domains antiparallel to the spin polarization of the
tunneling currents; (d) a Cr-coated tip at H = 3.0 T, showing spin-polarized tunneling currents into ferromagnetic LCMO with
magnetic domains parallel to the spin polarization of the tunneling currents. The energy dependent DOS of the Cr-coated tip and
that of the LCMO sample relevant to each spin configuration are shown in the second and third rows, respectively. We have also
assumed in (a) that the DOS of Pt/Ir is a constant over the energy range of our consideration. Finally, the calculated tunneling
conductance for each configuration is shown in the bottom row, which clearly illustrates maximum tunneling conductance G¯
at ω = U+ for the anti-parallel spin configuration at H = −0.3 T.
FI phase seemed incompatible with the averaged slight
Ca-deficiency (Ca = 0.26±0.02) from the XPS studies of
LCMO.38 Overall, the gapped nature of the LCMO sur-
face phase and the dependence of ∆+ on magnetic fields
and on spin polarization are all consistent with a insu-
lating surface phase differing from the metallic bulk. We
further note that for LSMO/STO manganite superlat-
tices (LSMO: La1−xSrxMnO3, STO: SrTiO3), stoichio-
metric variations between the bulk LSMO and the inter-
face of LSMO/STO have also been reported.44,45
To examine the validity of a surface FI phase, we con-
sider the field-dependent spectra under spin-polarized
tunneling to the sample surface. If H = 0, the mag-
netization in the surface FI domains should be randomly
oriented, so that the effective insulating gap values de-
termined by spin-polarized tunneling currents from the
Cr-coated tip are expected to range from the minimum
gap ∆P+ to the maximum gap ∆
AP
+ , as schematically il-
lustrated in Figs. 15(a)-(b). In addition, a PG at a lower
energy ∆∗+ should be present due to the electronic het-
erogeneity of the manganites at H = 0.24,25 Similar ob-
servation is also expected for regular tunneling at H = 0
although the gap distribution is expected to be broader
due to lack of spin selectivity. Indeed both regular and
spin-polarized tunneling spectra at H = 0 are consistent
with the empirical gap histograms shown in Fig. 15(e).
On the other hand, for H = −0.3 T we expect the FI
domains to be aligned so that a tunneling current with
spin-polarization opposite to the LCMO surface magne-
tization results in a maximum insulating gap ∆AP+ , as
indicated in Fig. 15(c) and experimentally confirmed by
the gap histogram in Fig. 15(e). Finally, for H = 3.0
T the spin-polarized tunneling currents are parallel to
the magnetization of LCMO as illustrated in Fig. 15(d).
Therefore, the insulating gap becomes ∆P+, which is the
same as that found for regular tunneling currents and is
smaller than the gap ∆AP+ . The phenomenon of a larger
energy gap for anti-parallel spin-polarized tunneling than
that for parallel spin-polarized tunneling is known as the
spin filtering effect, which is consistent with the empirical
gap histogram shown in Fig. 15(e).
On the other hand, the prominent presence of the
14
FIG. 15. (Color online) Effect of magnetic field and spin-
polarized tunneling on the surface ferromagnetic insulating
phase at low temperatures: Schematic energy (ω) vs. density
of states (DOS) plots of the surface ferromagnetic insulating
phase in LCMO thin films, showing an energy gap ∆P+ rel-
ative to the Fermi level for the majority band and a larger
energy gap ∆AP+ for the minority band. (a) For Pt/Ir tip
at H = 0, the tunneling gap is determined by the minimum
gap ∆P+ in addition to the presence of a pseudogap at ∆
∗
+
due to the electronic heterogeneity in the manganites; (b)
For Cr-coated tip at H = 0, the tunneling gap ∆ satisfies
∆P+ ≤ ∆+ ≤ ∆
AP
+ in addition to a pseudogap at ∆
∗
+; (c) For
Cr-coated tip at H = −0.3 T, the tunneling gap ∆+ is largely
determined by the maximum gap ∆AP+ , with the pseudogap
mostly suppressed due to vanishing electronic heterogeneity in
the presence of finite fields; (d) For Cr-coated tip at H = 3.0
T, the tunneling gap ∆+ is largely determined by the mini-
mum gap ∆P+, and the pseudogap is also largely suppressed
as in (c). The scenario described from (a) to (d) is consistent
with the corresponding spin polarization- and field-dependent
histograms of the gap shown in (e).
PG phenomenon in the case of spin-polarized tunneling
at H = 0 appears to diminish rapidly with increasing
field, as shown in Fig. 15(e). While the PG energy ∆∗+
found at H = 0 exhibits little temperature dependence
as shown in Figs. 7(f) and 10(f), the strong suppression
of PG under finite magnetic fields and the occurrence
of PG phenomena (γ-type spectra) at H = 0 primarily
along the boundaries between phase separated regions
(Fig. 3(d)) all implies that the PG phenomena in the
manganites originate from the inherent electronic het-
erogeneity.24,25 Consequently, increasing carrier mobility
and magnetic domain alignments upon the application
of magnetic fields can reduce the spatially inhomoge-
neous electronic properties in the manganites, thereby
suppressing the PG phenomena.
Finally, it is interesting to compare the PG phenomena
in the manganites with those in the cuprate supercon-
ductors.27,28 While the PG persists in both perovskite
oxides well above their ordering (i.e., superconducting
for the cuprates and ferromagnetic for the manganites)
transition temperatures in the absence of magnetic fields,
the application of an external magnetic field has oppo-
site effects on these two systems. That is, PG becomes
strongly enhanced by magnetic fields in the cuprates,46,47
which is in stark contrast to the significant suppression
of PG by magnetic fields in the manganites. Hence, the
physical origin for the occurrence of PG phenomena ap-
pears to be fundamentally different for these two strongly
correlated perovskite oxides, which also suggests that the
appearance of PG alone in the cuprates is unlikely a suf-
ficient condition for the occurrence of high-temperature
superconductivity.27,28
V. CONCLUSION
In conclusion, spatially resolved regular and spin-
polarized tunneling spectra on the CMR manganite
La0.7Ca0.3MnO3 (LCMO) has been studied systemati-
cally by means of STM as a function of the temperature
and applied magnetic fields. The spatial evolution reveals
apparent phase separations on a length scale of ∼ 102
nm, and the spectral characteristics obtained under the
spin-valve configurations can be quantitatively accounted
for by the spin-dependent joint density of states of the
LCMO and the Cr-coated STM tip. The physical origin
for a low-energy insulating gap detected at low temper-
atures has been investigated and attributed to a ferro-
magnetic insulating surface phase, which is consistent
with the XPS findings of an insulating MnO2 surface
plane. Finally, spatially varying pseudogap phenom-
ena with a nearly temperature independent pseudogap
value have been observed in the zero-field tunneling spec-
tra. The pseudogap phenomena appear primarily along
the boundaries of phase separated regions and become
strongly suppressed by applied magnetic fields when the
tunneling spectra of LCMO become highly homogeneous.
These results are consistent with the notion that the oc-
currence of pseudogap is associated with the electronic
heterogeneity of the manganites.
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